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I. INTRODUCTION
Large-scale high explosive (HE) field tests, conducted at the Nevada National Security Site and other locations, provide data for optical 1 and radio frequency 2, 3 (RF) models of detonation environment emissions. The tests are data rich, but are expensive and time consuming. Collection of high spatial and temporal resolution optical data in the field is complicated by substantial blackbody radiation backgrounds, optical obscurants (such as smoke), long path lengths and associated self-absorption of emitted radiation. Long detector gate widths also are required to collect signals attenuated as a result of large stand-off distances. By contrast, smaller-scale laboratory explosions provide a complementary or alternative approach. Detonations performed in highly instrumented semi-enclosed bays 4 and explosive test chambers [5] [6] [7] [8] [9] [10] [11] provide a means to study many of the physical and chemical processes associated with HE events. For instance, Carney et al. investigated a fuel-rich aluminized explosive detonated in vacuum and different bath gases. [6] [7] [8] Temporal optical emissions revealed that cyano radical (CN), C 2 radical, and atomic aluminum (Al) emissions appear at early times, with aluminum monoxide (AlO) appearing at later times. High-resolution studies of conventionally detonated thin film hexanitrostilbene samples were recently performed to aid observation of reactive intermediates that could be obscured in larger reacting samples. 11 In the first hundreds of ns, CN (B 2 Σ + →X 2 Σ + ) is observed with rotational and vibrational excitation temperatures higher than those expected based on thermochemical estimates of detonation temperature (∼10,000 K vs. 3600 K-3700 K). Small scale tests in explosive test chambers 12, 13 or benchtop laser ablation platforms [14] [15] [16] [17] [18] [19] have permitted the use of shock wave imaging techniques (schlieren and shadowgraphy) which can be coupled with spectroscopic techniques, to observe shock waves initiated by the laser pulse and associated emissive species. More recently, using laser ablation of a series of explosives with schlieren imagery, Gottfried has demonstrated that there is a strong correlation between an explosive's measured performance, based on full-scale detonation testing, and its measured shock wave propagation velocity. 15 A microscopic version of an explosion is created when a high-power nanosecond laser pulse impacts a tiny spot on target (typically a few hundred microns in diameter). Plasma temperatures over 10,000 K (as high as 40,000 K 20 ), pressures up to 10 5 atmospheres, 21 and shock waves are produced. As the plasma cools, ionic and atomic elemental constituents can be discerned, followed by formation of gaseous molecular products. 21, 22 Laser ablation can be performed using a single pulse to study a single event, or at high repetition rates (from 1 Hz to 50 kHz 23 ) and the shots integrated for high signal-to-noise ratio. The plasma and shock waves are on the millimeter scale and altering ablation environments is readily feasible with a small gas-tight chamber. The technique permits temporal characterization of excited state ions, atoms and molecules associated with early species formation, in addition to those that may be produced as a result of later time combustion. Extraction of electron density from emission line profiles, and temperature from line intensities and/or molecular band structure also is feasible. [24] [25] [26] [27] [28] In this work the use of high temporal resolution Laser-induced Breakdown Spectroscopy (LIBS) of Al, graphite and air is explored as a less labor-and time-intensive benchtop technique to generate optical signatures that mimic aspects of explosive detonations. With graphite and air, shadowgraphy is combined with optical spectroscopy. Aluminum was studied (Section III.A) because it can be used as a propellant and/or casing, and it was used as a casing at a recent HE field test. Graphite was studied (Section III.B) because it is predicted as a major HE detonation product, 29 and modelers are interested in understanding the effect of carbon on HE tests. Air ionized by a focused laser was studied (also in Section III.B) because significant air ionization results from high thermal temperatures (T ∼11,000 K) generated by HE detonation product shock waves. 30 In this work and others' 16, 31 species produced by laser-sparked air (N 2 + , N 2 , N-I, N-II, O-I, O-II) correspond to a number of those predicted by models of high temperature air (1000 K < T < 24,000 K). 32 CN is also a major spectral component observed in air plasma created with an inductively coupled torch 33 and in laser-sparked air plasma, as reported by Harilal et al. 16 and herein. Emission from species associated with shock wave-generated thermal excitation of air is thought to contribute to the RF signals (kHz to GHz) recorded at large scale HE field tests. 2, 3, 18, 34, 35 Results from optical studies of laser-induced plasmas that are pertinent to (1) aiding test and evaluation of HE field diagnostics that are better able to detect species and provide temperatures relevant to optical and RF simulations, (2) informing field collection parameters and analysis methods, and (3) ultimately providing empirical data of interest to modelers, are discussed.
II. EXPERIMENTAL DETAILS
A schematic of the LIBS and shadowgraph setup is shown in Fig. 1 . A 1064 nm, pulse width 12 ns, Nd:YAG laser (Big Sky Laser Technologies, model CFR400) was used with a 125 mm focal length beam focusing lens for ablation of samples or for air breakdown. The gas-tight chamber was either under vacuum (base pressure 1 × 10 -6 Torr) or back-filled with air or argon. The resulting laser-induced plasma was imaged (demagnified to 85% of its true size) by a 60 mm focal length lens onto a 1.1 mm diameter bundle of 19 close-packed 200 µm core (silica on silica, high OH) fibers. This bundle was mounted on a micrometer-controlled translation stage to allow different portions of the image to be analyzed. The other end of the bundle was terminated in a line of fibers, imaged into a f/4.1 spectrograph (Horiba, iHR320) with 320 mm focal length, equipped with 2400, 1200, and 150 g/mm gratings. These provided typical spectral resolutions of 0.18, 0.3, and 2.6 nm, respectively. The detector mounted to the spectrograph was an intensified CCD (ICCD) system (Andor, "iStar") that is sensitive from 200 to 800 nm; this detector allowed both amplification of weak signals and precise timed gating (down to about 10 ns gate widths). A second independently controlled Nd:YAG laser (Big Sky Laser Technologies, model CFR400), frequency doubled to 532 nm and with a similar 12 ns pulse width, was incorporated into the system for imaging shadowgraphs of the laser-induced plasma at various delay times. The expanded 532 nm beam (14 mm diameter at the target zone) was sent across the laser-induced plasma, perpendicular to the 1064 nm pulse direction, and into a camera (Nikon D-50 fitted with 500 mm lens and extension tube) located approximately 1.13 meters distant from the laser ablation site. Most of the interference (background) light emitted from the plasma was eliminated using a 532 nm bandpass filter and an OD = 3 filter in front of the camera. Shadowgraphy provided images of shock waves, and was used to track shock wave velocity in graphite and air-spark experiments, and as a means to observe shock wave propagation as a function of laser focus relative to the graphite substrate. To show the size of plasma light emitted over its measurable light-emitting duration, in relation to the shock wave at a particular time, the 532 nm bandpass filter was removed from the front of the camera, and the OD filter (normally positioned between the sample chamber and the camera) was positioned between the shadowgraph laser and sample chamber. In this way there was less attenuation of the plasma spark, which could then be seen as a pinkish light by the near-IR sensitive camera, and the shadowgraph appeared as a green image corresponding to the selected time delay. Laser fluence on the sample surface could be controlled by adjusting the height of the ablation laser focusing lens. By increasing the height of the laser focus above the sample in air, it could be seen by shadowgraphy that more air was sparked with the focus further above the sample.
Solid targets were in the form of Al metal (Alfa Aesar P/N 43429, 99.9995% purity) and graphite rods (McMaster-Carr, conductive graphite) that could be rotated or translated in the chamber to achieve a fresh ablation spot. In our experiments, a 35 mJ/pulse (for most Al experiments) to 55 mJ/pulse (for graphite and sparked air) 1064 nm ablating laser pulse was focused onto the target (as well as above and below the surface of the graphite). The laser beam was ∼8 mm in diameter upon going into the 125 mm focusing lens, and a single pulse focused at the surface of an Al sample produced a ∼200 µm diameter spot. Spectra collected in the field, from a large-scale detonation of HE with an aluminum case (shown in Fig. 3a ) were collected through a telescope fiber-coupled to an Ocean Optics USB2000+ spectrometer with 1.2 nm spectral resolution and 2 ms integration times. Before temperature simulations were performed the LIBS and Ocean Optics spectra were flat-field corrected for detector response using calibration lamps (Gooch and Housego, OL 245-M and OL FEL-C respectively).
Al species observed and temporal dependence
To demonstrate concordance and differences between laser-induced plasmas and explosions generated by HE charges, Al species produced by laser ablation of aluminum in our lab (Fig. 2a) were compared to the decay of those produced by the detonation of 20 grams of aluminized explosive (PBXN-113) in an explosive test chamber (Fig. 2b) . 6 PBXN-113 data were recorded using a streak camera. In spite of the different methods used for their generation, there are considerable similarities in the decay rate of neutral, atomic aluminum (Al-I: 394.40 nm, 396.15 nm, 3s 2 4s 2 S → 3s 2 3p 2 P 0 transition) and the growth and decay of aluminum monoxide AlO. In both cases, neutral Al decays exponentially as AlO is formed, with Al-I decaying from highest intensity immediately after ablation/detonation to nearly 0 in roughly 5 to 10 µs. With both platforms AlO appears at ∼2 µs after ablation/detonation, and under our experimental conditions emission decays over a period of approximately 20 µs following laser ablation, and 25 µs after detonation of PBXN-113. With respect to the observed differences at the earliest stage (ns) it is noted that Al-I produced by laser ablation decays at a faster rate than that generated in the explosive test chamber. At early times it is expected that differences will be highlighted due to the higher temperature and enhanced ionization in the laser plasma, vs. detonated PBXN-113. Using integrated peak intensities for two singly ionized Al-II lines (3s4f 3 F 0 → 3s3d 3 D transition at 358.7 nm and 3s4p 1 P 0 → 3p 2 1 D transition at 466.3 nm), and assuming a Boltzmann distribution, the electron excitation temperature was calculated to be ∼30,000 K at 50 ns using the line pair method. 36 By 2 us, T ∼ 4400 K, as calculated from the AlO emission (see Section III.2). In contrast, peak temperatures recorded by 3-color pyrometry at light breakout in PBXN-113 experiments are typically on the order of 4000 K. 8 In Fig. 3 time-resolved spectral data collected following detonation of an Al-cased explosion in the field is compared to that collected following benchtop laser ablation of Al in air. Atomic Al and AlO emissions are both observed but their timing differs. In the HE field test, Al-I and AlO are observed in the ms range, whereas in the lab they are seen in the nanosecond-to-microsecond range. In the HE field test there is significant blackbody emission. This comes from hot smoke and other entrained particulates, as well as scattered solar blackbody radiation. Temperature-broadened molecular emissions may also contribute to the blackbody observed in the field spectra. In addition to the scales of the experiments (nanograms of Al ablated over a ∼10 ns period in the lab, vs. ∼kilograms of Al in a longer duration explosive detonation in the field), factors such as Al particle sizes produced and the timing of oxygen depletion (during the explosive burst with HE) followed by replenishment due to turbulent mixing of air, will all contribute to differences in timescales. Al species generated by laser ablation appear in the large-scale HE field test with an Al shell at 2 ms after the burst. Second order Al-I lines seen with laser ablation at ∼617 nm correspond to Al-I emissions (at 308 and 309 nm) observed 5 ms after the explosive burst using a UV modular spectrometer in the field.
Temperature derivations from AlO emission
AlO is formed from gaseous (g) neutral aluminum (Al(g)) as indicated in Equations 1 and 2 below. The reaction is in cooperation or competition with oxygen (O) recombination. Equation 1 requires molecular oxygen whereas Equation 2 requires atomic oxygen.
The temperature at which AlO formation is favored by the chemical reactions in Eqs.1 and 2 is ∼4300 K. 37 The ro-vibrational temperature of the laser-induced plasma ∼2 µs following ablation is 4400 ±100 K (see Fig. 4a ). This temperature was derived from a least squares fit of the flatfield corrected spectral data to a molecular band model for the ∆υ = 1 AlO band (B 2 Σ + → X 2 Σ + transition). The intensity of each ro-vibrational line was calculated using parameters (such as rotation-vibration line energy levels and Einstein A coefficients (A ij )) which were derived from direct numerical solution of the Schroedinger equation by Patrascu et al. 38 A Lorentzian line width function was applied to each transition line, and the lines were summed to simulate the spectrum of interest using a procedure described by Dong et al. 39 AlO emission observed in the field immediately after the burst could not be fit due to detector saturation. However, at ∼2 to ∼4 ms after the burst, AlO emission (B 2 Σ + → X 2 Σ + ) was prominent and the detector was not saturated. Using a flat-field corrected field spectrum, simulations were performed to determine a spatially and temporally integrated temperature. It was first necessary to use a polynomial fit to subtract the blackbody background. Two temperatures of 2509 K (91%) and 6822 K (9%) were found to best fit the blackbody emission; possibly accounting for the explosive temperature, with high temperature contributions from solar reflection and shocked air. When fitting the full B 2 Σ + → X 2 Σ + ∆υ = -3 to ∆υ = +3 emission, the program and least squares fitting used to fit the laser ablation-generated AlO, was modified to account for AlO self-absorption within the macroscale, approximately 10 m diameter, plume. After consideration for self-absorption, the emission intensity for each ro-vibrational line is:
Where I 0 is the simulated emission intensity of molecular lines before self-absorption, and τ is the optical depth of the absorbing layer at the line center, calculated as: 40
Where m is mass of AlO molecules, T is temperature, λ is wavelength, A is the Einstein coefficient of spontaneous emission, g u is the statistical weight of the upper energy level, n AlO is the number density of AlO, L is the characteristic length of the plume, Q is the partition function of AlO molecules, E l is the lower energy level of the emission line, and k B is the Boltzmann constant. 
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The B 2 Σ + → X 2 Σ + bands between 400 nm and 585 nm were fit with self-absorption taken into consideration. A temperature of 3749 K (Fig. 4b) shows good correspondence over the ∆υ = 3 to ∆υ = 1 bands, but not the ∆υ = -2 and ∆υ = -3 bands. This may be a function of insufficient self-absorption compensation. Of the B 2 Σ + → X 2 Σ + bands, the ∆υ = -2 and ∆υ = -3 bands are least susceptible to self-absorption. 9 The optimal fit for the ∆υ = -2 and ∆υ = 3 bands, without accounting for self-absorption, was found to be 3684 K (Fig. 4c) . Taking the two fitting methods into account, it is estimated that the spatially integrated temperature in the field was approximately 3700 K at ∼2 to ∼4 ms after the burst.
The simulated temperature for AlO in the HE field test at ∼2 to ∼4 ms is lower than that determined for AlO following laser ablation, and the peak temperatures recorded by 3-color pyrometery at light breakout in the explosive test chamber with PBXN-113 (roughly 4000 K 8 ). Observation of a lower spatially integrated temperature in the field is not unexpected, because some cooling will have occurred between the time when AlO is first observed (in the ∼0 to ∼2 ms saturated spectrum) and the time when the ∼2 to ∼4 ms spectrum was collected. In the case of the field test, there may also be a radiative cooling mechanisms due to heat exchange with soot/carbon nanoparticles generated in the field. As seen in Fig. 4a , with LIBS, AlO cooled to ∼3700 K after roughly 30 µs.
LIBS of Al; effects of oxygen removal and decreased pressure
Turbulent mixing with oxygen is another parameter that can influence the rate at which AlO burns, whether on the benchtop 17 or in the field. We controlled the overall availability of oxygen for combustion with ablated aluminum by changing the bath gas. In comparing the decay of Al-I in vacuum, air, and argon (Fig. 5) it is seen that the decay of Al-I is faster in air than in argon (a comparatively dense but inert gas). In vacuum, the apparent rapid decay of Al-I is due to fast plasma expansion; however, in air the availability of oxygen for aluminum combustion opens a chemical reaction pathway for the formation of AlO. One can see that the decay of Al-I is accompanied by the appearance of AlO in Fig. 5 . There are essentially two sources of AlO in the plasma, one from the fracturing of the Al 2 O 3 passivation layer on the aluminum surface, this is expected to be a minor constituent. The second is the combustion of elemental aluminum. AlO derived from the passivation layer was observed in vacuum early in the plasma evolution. Piehler et al. 41 have also been identified it in N 2 and He bath gases, in the absence of ambient O 2 . In argon however, definitive identification of early-time AlO could not be made due to interfering argon emission lines. Combustion derived AlO is only available when oxygen is present and temperatures and pressures favor the chemical FIG. 5 . Comparison of the decay of Al-I in vacuum, air, and argon using the integrated peak intensity from Al atomic lines at 394.40 nm and 396.15 nm (3s 2 4s 2 S → 3s 2 3p 2 P 0 transition), and the decay or AlO in air. The decay rate of atomic Al is faster in air than in argon, and is accompanied by the appearance of AlO in air (AlO intensity was obtained by integrating over AlO B-X bands ∆υ = +1 to -1). In vacuum, rapid Al-I decay is influenced by the lack of plasma confinement. pathways from Al-I to AlO. Two distinct radiance intensity peaks collected by us at an HE field test (not shown here) suggest that oxygen depletion during an explosive blast may extinguish combustion and that subsequent turbulent in-welling of air can restart it. The lack of plasma confinement in vacuum relative to air is also demonstrated in a plot of electron density vs. time using the 3s4s 1 S -> 3s3p 1 P 0 transition of the Al-II ion in the UV, at 281.6 nm (Fig. 6) . The electron number density can be derived from line width and Stark constants. 24 The Stark-width constant was derived from the work of Konjević et al. 42 In vacuum, the electron density decays with a slope of -2.8, suggesting free expansion of the plasma, whereas in air the decreased decay rate (slope -0.3) indicates plasma confinement. If sufficient spectral resolution is available in the field, then a correlation between electron density decay and RF emissions may be observed.
In Fig. 7 , ionic and atomic Al species observed with laser ablation in vacuum and air are compared on the nanosecond timescale. Doubly ionized Al, Al-III, could be observed in vacuum over a range of times, but was observed in air only briefly (at ∼40 and ∼50 ns); Al-II was significantly more predominant in air. At the HE field test, ionic Al species were not observed. This may be due to the lower excitation temperatures in the field. It is also likely that with millisecond gate widths, shorter duration ionic emissions are masked by the strong blackbody background. Even if not observed optically, pathways involving ionic Al may contribute to early-time RF signatures in the field.
B. Graphite and sparked-air laser ablation experiments
Models predict graphite as the most abundant detonation product for a number of explosives, including TNT, 29 but its effect on HE field tests is not yet understood. Laser ablation studies were FIG. 7 . Time-resolved traces at 10 ns intervals, with early time emissions stronger than later time emissions, and highly charged species decaying to lower charged and atomic species at later times. (a) In vacuum, free expansion permits persistence of Al-III species in the 60-200 ns range, whereas (b) at 60 ns and beyond in air, Al-II is the most highly ionized species observed.
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AIP Advances 7, 095208 (2017) therefore performed with the objective of providing some insight into the role of graphite in HE phenomena; and to provide examples of spectroscopic signatures that may be measurable in the field. These laser ablation studies compare the species and temperatures produced by air break down, with and without ablated graphite present. The formation of atomic and molecular species as a function of laser focus at, above, and below the surface of a graphite substrate was also compared.
Sparked-air vs. laser ablated graphite in air -Emissive components and plasma temperature derivation
Following laser sparking of air, and laser ablation at the surface of a graphite substrate, timeresolved spectra (Figs. 8a and 8b) show that atomic O, nitrogen (N), and hydrogen (H) are present due to air breakdown. The intensity of these species decays rapidly. In the absence of graphite, N 2 + is the predominant emitting molecular species, whereas with graphite, CN radical is predominant. In Figs. 8c and 8d shock wave images produced following laser sparking of air and following laser ablation with the laser focus just above the graphite surface are shown. The pinkish light corresponds to plasma light emitted over its light-emitting lifetime in relation to the shock wave at 300 ns. The magnitude of plasma light emitted over its entire light-emitting lifetime is smaller than the shock wave at 300 ns delay time. By 10 µs, shock waves (not shown) have expanded to a ∼12 mm diameter sphere (without graphite) and a ∼13.5 mm diameter sphere (with graphite), indicating average shock wave velocities on the order of ∼5 km/s at 300 ns vs. ∼1 km/s at 10 µs. Using a series of 10 shockwaves collected between 5 ns and 10 µs, without plasma light, instantaneous shock wave velocities (Fig. 9) were calculated by taking the first derivative of the shock wave width with respect to time. Open squares represent shock wave instantaneous velocity generated by sparked air, and circles are from laser ablation with the focus at the graphite surface (as shown in Fig. 11c and 11d shadowgraphs). With sparked air and with the graphite substrate, initial velocities are on the order of 10 km/s, by 10 µs velocities have dropped to just over 1.0 km/s. The behavior of the graphite shock wave appears to be more erratic than that of the air shock wave. Emissive components and estimated plasma temperatures were determined at a 10 µs gate delay with and without graphite present using the 362-453 nm spectral region, collected with a 2400 g/mm grating at center wavelengths of 378 nm and 425 nm, and 500 ns gate width. The estimated plasma temperature indicates the best representative temperature based on molecular species, for the series of temperatures actually encompassed in the collection region. With ablated graphite, this will include carbon particulates cooling at different rates. SPECAIR 43 software was used for temperature simulation and molar ratio determination. To account for instrumental broadening, simulated spectra were convolved with a slit function collected using an argon line at 394.9 nm at the experimental slit widths. Experimental spectra are shown in black in Figures 10a and 10b , with simulated spectra overlaid in red. In the 362 to 453 nm region CN violet B 2 Σ + − X 2 Σ + and N 2 + first negative system B 2 Σ + u − X 2 Σ + g emissions are predominant. With the optical fiber positioned toward the base of the air-spark, for air-spark experiments, and near the surface of the graphite rod for graphite experiments, the concentration of CN observed in the presence of graphite was more than 50x higher. Plasma temperatures, with and without graphite, (assuming local thermodynamic equilibrium) ranged from 6700 K to 8000 K, with plasma 
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AIP Advances 7, 095208 (2017) temperatures for the graphite plasma lower than those for sparked air alone. In addition to CN and N 2 + , both simulations included atomic O and N radicals. With graphite present, C 2 was additionally observed between 423 and 474 nm (full range not shown here), and included in the fit (ratio of N 2 + :C 2 : CN ∼ 1:1.5:20).
Simulations for the region of sparked air observed in the 362-453 nm spectral range suggest that the plasma temperature was over 7700 K. In Fig. 10a , a simulated spectrum with T = 7800 K is overlaid in red. The ratio of N 2 + to CN is roughly 5:1 even though the carbon content in air is just 0.04 %, from CO 2 , vs. 78% nitrogen. The sparked air plasma temperature, and prominence of CN is similar to that observed by Harilal et al. 16 With graphite present, optimal SPECAIR fits in the 362-453 nm spectral range suggest a lower plasma temperature than that predicted for the sparked-air-only experiment, closer to 7000 K, with the N 2 + to CN ratio roughly 1:20. In Fig. 10b a simulated spectrum with T = 7000 K is overlaid in red. These results suggest that the higher than expected rotational and vibrational excitation temperatures observed with conventionally detonated thin film hexanitrostilbene samples 11 (∼10,000 K in the first hundreds of ns, estimated from CN (B 2 Σ + →X 2 Σ + ) simulations, vs. 3600 K-3700 K based on thermochemical estimates of detonation temperature) could be related to shock wave-generation of CN in air.
a. Discussion of CN (B 2 Σ + →X 2 Σ + ) simulation vs. experimental fit for graphite. While there is a good fit for the CN violet ∆υ = 0 sequence 0-0, 1-1, 2-2 and 3-3 band heads, it was not possible to fit the 4-4 and 5-5 band heads as successfully. Similarly, Boubert et al. examined five sets of spectroscopic constants in attempts to reproduce an experimental spectrum they derived from a DC arc and graphite electrode. They determined that the CN violet ∆υ = 0 sequence was not in very good agreement with the experimental spectrum for quantum numbers greater than 4. 44 This may be related to the pathways in which the CN is generated. In laser ablating five different organic materials, Fernandez-Bravo et al. 45 observed that at early times (delay of 500 ns) the vibrational distribution of CN ∆υ = 0 sequence bands was material dependent. With PVC and Teflon, ∆υ = 4-4 transitions were more intense than ∆υ = 3-3, 2-2, and 1-1 bands. They suggested that competitive routes for generation and quenching of CN may co-exist and that these may result in alternative excitation pathways that modify the vibrational emission. The graphite plasma observed spectroscopically will also contain fragments of non-homogeneous particles (carbon clusters) of various sizes. These will cool at differing rates, thereby creating non-homogenous temperature regions that may in turn affect the formation of CN, and temperatures of the molecular and atomic species observed spectrally.
For graphite ablated in vacuum, Harilal et al. 46 captured ICCD images of what they described as a delayed (>5 µs) firework-like emission that peaked between around 20-30 µs after the onset of plasma. They attribute this to ejected hot particles or droplets formed by overheating of trapped gases in the layered graphite structure. Dinescu et al. 47 reported on the laser ablation of graphite and temperatures derived from the CN ∆υ = 0 sequence, as a function of position above the substrate, nitrogen gas pressure (1-250 Pa) and laser fluence. Their spectral simulations indicated that temperatures varied as a function of distance above the substrate and that rotational and vibrational temperatures were not the same (rotational temperatures were higher than vibrational temperatures closer to the substrate, but lower than vibrational further away). The variation in temperature along the vertical axis of the plasma was attributed to CN production via reaction of atomic nitrogen with carbon clusters of different mass. More recent laser-induced plasma studies with graphite 48 and carbon isotopic ratio studies of C 2 and CN indicate that C 2 is not a precursor for CN formation, and that CN formation likely involves atomic carbon, or species with a single carbon atom. 49 Uncertainty associated with temperature simulations will include contributions based on determination of optimal concentrations from all emitting molecules and atomic species in the spectral region being fit. To ensure that the simulated fits were good over a broader spectral range, SPECAIR simulated spectra were compared to experimental spectra collected beyond 453 nm. SPECAIR simulations also permit calculation of non-thermal equilibria, self-absorption, and plasma emission at higher pressures. In varying these parameters there were no indications that accounting for possible self-absorption, non-thermal equilibrium, or higher pressures provided better fits. Inclusion of energetic electrons also did not account for the stronger emission in the ∆υ = 4-4 and 5-5 bands with graphite present.
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Varying the position of laser focus relative to the graphite substrate
To explore the relationship between emitting species and the position of maximum laser energy density relative to a graphite substrate in air, the laser focus above the graphite surface was altered and temporal emission of species was compared. Shadowgraphy indicates that with the focus 2 mm above the surface, air and graphite are sparked individually, prior to the shock waves fusing together (Figs. 11a at 50 ns and 11b at 250 ns) . With the focus at the surface, air is still entrained in an axially elongated shock-wave (Fig. 11c at 50 ns, 11d at 250 ns) . With the focus below the surface the shock wave is less axially elongated, suggesting that less air is entrained (Figs. 11e at 50 and 11f at 250 ns) . FIG. 11 . Representative shock wave images at 50 ns (left columns) and 250 ns (right columns) with the focus 2 mm above the graphite substrate (a and b), at the surface of the substrate (c and d), and 2 mm below the graphite substrate (e and f). With the focus 2 mm above the graphite, air and graphite shock waves begin to fuse at 250 ns (b).
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AIP Advances 7, 095208 (2017) This is supported by spectral measurements which indicate lower concentrations of H-α, N-I and O-I (Fig. 12c, vide infra) . With the focus above and at the graphite surface, time-resolved spectra indicate that the decay of air species and production of CN and N 2 + are similar in time (Figs. 12a and 12b) , with CN emission decaying less rapidly than H-α, N-I and O-I emission (plotted for "focus above" in Fig. 12d ). With the laser focus moved to 2 mm below the graphite surface (Fig. 12c) , less air is entrained in the plasma. H-α, N-I and O-I are not prominent in the spectra, and the shock wave is not axially elongated nor indicative of air-and substrate-borne shocks which fuse together. CN emission is also less persistent.
In Fig. 12e the intensity of CN (at 388 nm) vs. time with the focus above, at, and below the surface is compared. Differences are most pronounced with the laser focus below the surface. The faster decay of CN with focus below the surface may be due to decreased availability of reactive nitrogen (the ionization potential of N 2 is 15.581 eV and its production, by multiphoton ionization, will be very sensitive to laser intensity). There may also be more efficient scavenging of the CN radical at or near the surface. The decreased continuum emission contribution with focus below the surface (Fig. 12c vs. Figs. 12a and 12b) is consistent with the laser power density being lower in the observed region than when the focus is in the air or at the surface of the substrate. More C 2 is also observed with the focus below the surface. This may be due to there being fewer competing signatures, but is also consistent with lower power density. Sánchez-Aké et al. 50 observed more C 2 at lower flux and attributed it to the layer-by-layer ablation of graphite and production of C n (n >2) carbon clusters, which dissociate to C 2 after collisions with energetic electrons. At higher fluences, the probability of direct C n formation is decreased.
FIG. 12. Time-resolved spectra with the laser focus (a) 2 mm above the graphite substrate, (b) at the surface of the substrate, and (c) 2 mm below the substrate. The relative decays in molecular and atomic line heights with the focus 2 mm above the substrate are plotted in (d) and the decay of CN is compared with laser focus, above, at, and below the substrate surface in (e).
095208-14
IV. CONCLUSIONS
Laser-induced breakdown spectroscopy is a powerful technique with readily variable parameters that can be used to simulate characteristics of detonations and high-temperature combustion. The temperatures and decay behavior of atomic aluminum and AlO emission resulting from laser ablation of an aluminum substrate are similar to those following detonation of a small quantity of aluminized explosive (20 g PBXN-113, work by Carney et al. 6 ). For an Al-encased high explosive detonated in the field, the temperature at which AlO appears is similar, but the persistence of Al and AlO emission differs by two orders of magnitude. Simulations indicate that the temperature from AlO, 2 µs after laser ablation of Al in air, is ∼4400 K ±100 K. This is in line with the temperature at which AlO formation is favored thermodynamically. In the field the apparent temperature of the spatially integrated AlO was roughly 3700 K between ∼2 to ∼4 ms following detonation. With respect to the impact of shocked air and the effect of combustion induced carbon, at 10 µs following laser-induced breakdown of air, in the 370 nm to 480 nm range, N 2 + is the dominant molecular species (N 2 + :CN ∼5:1), whereas with laser ablation of graphite in air CN is dominant (N 2 + :CN ∼1:20). For sparked air a simulated plasma temperature of 7800 K provided the best fit of the experimental spectrum in the spectral range from 362 to 453 nm. With graphite present, the temperature appears to be lower, but not significantly so. For plasmas created by altering the ablating laser focus in relation to a graphite substrate in air, laser intensity appears to be a critical factor in CN production, and CN decay is more rapid with the focus below the surface of the sample.
Analogies with laser plasmas can help guide HE field measurements to spectral ranges, resolutions, and gate widths that have the greatest impact in terms of extracting relevant parameters from large-scale HE field test data. This work with Al, graphite and sparked air suggests parameters which could be derived from species observed at HE field tests in the UV, where blackbody and solar emissions are lower (particularly in the solar-blind region (230-290 nm)). For example, with sufficiently narrow gate widths and sufficiently high spectral resolution, it may be possible to derive: 1.) temperature from pairs of Al species (Al-I: 3s 2 3d 2 D → 3s 2 3p 2 P 0 transition at 308.2 and 3s 2 4s 2 S → 3s 2 3p 2 P 0 transition at 396.1 nm; and Al-II: 3s4f 1 F 0 → 3p 2 1 D transitions at 263.15 nm and 3s4s 1 S → 3s3p 1 P 0 at 281.6 nm), 2.) temperature from molecular emissions (e.g., cyano-radical [CN violet system between B 2 Σ + and X 2 Σ + molecular states, ∼340-425 nm]; and nitrogen monopositive ion N 2 + [first negative system between B 2 Σ + and X 2 Σ + molecular states, ∼340-480 nm]) and 3.) electron density via Stark broadening (e.g., Al-II 3s4s 1 S → 3s3p 1 P 0 transition at 281.6 nm). Species of interest to RF modelers seeking to identify sources of radiofrequency emissions may also be observed. As with the temperature derivations from the AlO emission at the HE field test, the effects of self-absorption must be considered, and when applicable, emissions from, and absorptions by other interfering species will need to be accounted for.
